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Minireview R305
Simultaneous labeling of beads with a fluorescent
sensor and a unique catalyst allows chemists to identify
the most active catalyst within a mixture. This approach
is a valuable addition to the protocols available in the
growing field of combinatorial catalysis.
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To chemists who are interested in discovering new cata-
lysts, peptides are the subject of much admiration.
These remarkable molecules, with their distinct and
often mysterious conformational tendencies, catalyze a
multitude of reactions with reactivity and selectivity
levels to die for. Peptides represent a gold mine of
opportunities for discovering new catalysts. Peptides are
modular (many variations can be readily prepared), chi-
rality is easily incorporated within them, and they can be
synthesized simultaneously on solid support. The latter
is an especially attractive attribute: the possibility of syn-
thesizing a large library of potential catalysts presents
itself as a realistic possibility. The opportunity to
prepare and screen libraries enables the chemist to dis-
cover new catalysts using combinatorial methods. Given
the fickle and subtle mechanistic factors that can dra-
matically alter reactivity and selectivity, this strategy
offers a fresh and attractive approach to the discovery of
new reactions or catalysts.
Peptide-based catalysts have indeed been developed
through screening of parallel libraries in the past few
years [1–3]. Useful and novel enantioselective transfor-
mations have been identified as a result. Many significant
hurdles remain, however. One of the most crucial prob-
lems relates to the lack of general technologies to screen
rapidly and reliably for the relative activity and selectivity
of a large library of potential catalysts. Several papers
have appeared recently that address this question by
using infrared thermography [4–7], colorimetric assays
[8–10] and fluorescence spectroscopy [11]. Miller and
Copeland [12] recently introduced an exciting new tech-
nique for simultaneous screening of single bead/single
compound libraries. 
Miller and Copeland’s work [12] encompasses both the
real-time screening of libraries in a spatially addressed
format, as well as in a pooled mixture [13]. The unifying
feature of the method is the application of chemical
sensor technology to the discovery of the most active cat-
alysts. In particular, these researchers chose nonenzy-
matic enantioselective acyl transfer reactions (Figure 1a)
as a testing ground for the concept [14–17]. Previous
reports from the Miller laboratory [18,19] had demon-
strated that small tetrapeptide catalysts have sufficient
chiral information to promote the efficient catalytic reso-
lution of certain alcohols; such peptidic catalysts cause
the reaction of one alcohol enantiomer to proceed 28
times faster than the other (krel = 28). More importantly,
and as yet another piece of evidence that catalyst screen-
ing can circumvent a missed opportunity, subtle pertur-
bations in the structure of these small peptide catalysts
were shown to lead to dramatic differences in enantiose-
lectivity [19]. For example, whereas an L-Pro-containing
β turn 1 (one intramolecular hydrogen bond) exhibits a
krel = 3 for the kinetic resolution in Figure 1a, the D-Pro-
containing β hairpin 2 (two intramolecular hydrogen
bonds) initiates reaction not only with much higher selec-
tivity (krel = 28), but also with the opposite sense of enan-
tioselectivity (Figure 1b). Interestingly, the mechanistic
reasons for these dramatic changes in selectivity are diffi-
cult to ascertain. Equally intriguing is the question of
whether or not such mechanistic reasons, even if they
were known, would be useful in designing the next gen-
eration of superior catalysts. 
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Figure 1
Enantioselective acyl transfer (a) with peptide catalysts (b).
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Miller and Copeland [12] note that for the limited
number of catalysts studied, the most selective reactions
are also the fastest. They speculate that a method for
screening of activity might lead to the discovery of cata-
lysts that exhibit greater selectivities. Although there is no
doubt that exceptions to this expectation can be found,
these researchers set out to develop a potentially general
combinatorial technique for screening of the reactivity
levels of large numbers of catalysts. The approach is
based on performing reactions in the presence of a mol-
ecular sensor, which signals the presence of a particular
reaction product. The reaction that was selected for assay
development is the acylation of alcohols with acetic anhy-
dride, where acetic acid is a reaction product. Miller and
Copeland [12] judged that if acetic acid production were
to be reliably monitored, a qualitative readout of catalytic
turnover would be at hand. As shown in Figure 2, to
achieve this goal, aminomethylanthracenes (e.g. 3), mol-
ecules that are pH-sensitive fluorophores, were utilized as
in situ chemical sensors to gauge the degree to which the
acetic acid byproduct was generated. Because neutral
aminomethylanthracenes undergo photoinduced electron
transfer (PET) but fluoresce once they are protonated
(presumably by acetic acid) [20,21], fluorescence intensity
of reaction mixtures may be used to estimate the overall
catalytic activity [22,23]. 
A fluorescence plate reader is used in the analysis of the
spatially addressed catalyst library (Figure 3a). Seven
unique catalysts were deposited into a standard 96-well
plate, each at three different catalyst loadings (three
replications of each experiment: 0.2 mol %, 0.6 mol %
and 1.8 mol % — for a total of 63 unique experiments).
As shown in Figure 1a, the reaction progress is monitored
simultaneously by fluorescence intensity, measurement
of which at various time intervals allows for a direct
readout of reaction rates (i.e. catalyst activity). The fol-
lowing issues are worthy of note: firstly, the same
general trends for catalyst activity are observed, inde-
pendent of the catalyst loading; secondly, the well-
known ‘super-acylation catalysts’, PPY and DMAP [24],
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Figure 2
Fluorescence intensity signals reaction progress.
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Figure 3
(a) Fluorescence intensities observed during catalyzed acyl transfer
reactions and (b) structures of catalysts examined. Adapted with
permission from [12].
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proved to be the most active catalysts under the condi-
tions examined, whereas NMI, 3,4-lutidine and pyridine
delivered very low rates under the given conditions
(Figure 3); and thirdly, the fluorescence assay distin-
guished between N-methylimidazole (NMI) and the
peptide-modified alkylimidazoles (1 and 2). Peptide 1,
which contains an L-Pro–Aib (Aib, aminoisobutyric acid)
backbone, was significantly less active (krel = 3.1) than
peptide 2, a catalyst that bears the D-Pro–Aib sequence
(krel = 28). Moreover, both 1 and 2 were found to be
appreciably more potent catalysts than NMI. Fluores-
cence measurements, conducted in a simultaneous
screening and spatially addressable format, therefore,
provide an excellent opportunity to screen rapidly for
the subtle structural features within a catalyst that may
cause rate acceleration.
Miller and Copeland [12] then sought to adapt the method
to the real-time, simultaneous screening of single bead/
single compound libraries. For this approach, attachment
of the aminomethylanthracene sensor to a solid support
was required prior to library synthesis. This was accom-
plished through partial derivatization of a bulk quantity of
beads with molecular sensor 3 (Figure 2). Subsequent
attachment of peptide catalysts afforded a family of beads
related to structure 4 (Figure 4). The expectation here was
that beads functionalized with the most active catalysts
should light up to the greatest extent as a given acylation
reaction proceeds. 
The expectation was borne out beautifully. As shown in
Figure 5, four sets of beads were synthesized that are anal-
ogous to soluble catalysts with known activities. Diastereo-
meric resin-bound peptides related to moderately active
and selective catalysts 1 and 2 were prepared (1R and 2R).
In addition, two substantially less active catalysts were also
synthesized on solid support (5R and 6R). When each of
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Figure 4
Representative polystyrene bead simultaneously functionalized with a
sensor and a catalyst.
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Figure 5
Fluorescence micrographs indicate relative
bead intensities upon exposure to
reaction conditions. Adapted with permission
from [12].
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these sets of beads was exposed to reaction conditions, the
relative intensity of the beads, observed using fluores-
cence microscopy, paralleled the reactivity trends that had
been detected in the solution studies. Another critical
finding is that the beads maintained their relative intensi-
ties whether they were examined in separate vessels, or
pooled together as catalyst mixtures. Even pairwise mixing
of epimeric beads 1R + 2R showed two distinguishable
sets of beads in a single reaction vessel. These researchers
suggest that labeling catalyst-functionalized beads with
fluorescent sensors should permit the screening of single-
bead/single-catalyst libraries using either fluorescence
microscopy or fluorescence-activated bead sorting [25]. 
There is much that remains to be done if the potential of
the present approach is to be fully realized in combinato-
rial chemistry and catalysis. One potential area of
research involves the development of real-time, simulta-
neous screening methods that offer bona fide read-outs of
catalyst selectivity, rather than only activity [26,27].
Using the protocols described above in the discovery of
new catalytic reactions, rather than optimization of exist-
ing catalytic systems also represents an exciting possibil-
ity. Variations in pH might be exploited in the
development of high-throughput assays to monitor reac-
tions that release basic (versus acidic) byproducts. The
development of assays that signal the generation of new
functional units constitutes yet another important area of
investigation. In this connection, the challenge will be to
outline and synthesize sensors that recognize the pro-
duction of a range of commonly occurring functional
groups with the same or better level of fidelity as
observed in the present systems put forward by Miller
and Copeland [12].
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